Cells of Porphyridium cnwentum were grown in different colors of light which would be absorbed primarily by chlorophyli (Chl) (red and blue light) or by the phycobilisomes (green or two intensities of cool-white fluorescent Ught), and samples of these ceDls were frozen to -196 C for measurements of absorption and fluorescence emission spectra. Cells grown in the high intensity white light had least of all of the photosynthetic pigments, a higher ratio of carotenoid/Chl, but essentiaDly the same ratio of phycobiin to Chl as cells grown in the low intensity white light. The almost complete spectral discrimination between PSI and PSII suggested that the efficiency of energy transfer from PSII to PSI must be considerably greater in P. cruentum than in green plants in order for photosynthesis to function as it does and, indeed, it was found (27) that when the PSII units were most active photochemically, i.e. when the PSII reaction centers were all open, that approximately half ofthe quanta distributed initially to PSII were transferred on to PSI. As the PSII reaction centers were closed by photochemical activity, the yield of energy transfer from PSII to PSI increased and approached values near unity. This massive degree of energy transfer indicated a close physical association between the small PSII units and the much larger PSI units. These conclusions, which were derived initially from measurements of fluorescence and A at low temperature, were also supported by measurements of the action spectrum for 02 evolution at room temperature (29) and by measurements of the rates of photooxidation of P700 in blue and green light at low temperature (28).
wavelengths where Chl is the dominant absorbing pigment (in the blue around 435 nm and in the deep red) a approached values near unity, while in the spectral region around 550 nm, where cellular absorption is dominated by the phycobilisomes, a was close to zero. This wavelength variation of a, which indicated that almost all of the Chl was associated with PSI, suggested that the Chl was organized into relatively large PSI units and very small PSII units. However, the highly specific excitation of PSII by light absorbed in the phycobilisomes indicated that the phycobilisomes, which appear as large spheres attached to the outside of the thylakoid membranes (19) , must be connected directly to the small PSII units in the thylakoid membranes. It was suggested that the highly specific connection was made via a molecule of allophycocyanin B (30) .
The almost complete spectral discrimination between PSI and PSII suggested that the efficiency of energy transfer from PSII to PSI must be considerably greater in P. cruentum than in green plants in order for photosynthesis to function as it does and, indeed, it was found (27) that when the PSII units were most active photochemically, i.e. when the PSII reaction centers were all open, that approximately half ofthe quanta distributed initially to PSII were transferred on to PSI. As the PSII reaction centers were closed by photochemical activity, the yield of energy transfer from PSII to PSI increased and approached values near unity. This massive degree of energy transfer indicated a close physical association between the small PSII units and the much larger PSI units. These conclusions, which were derived initially from measurements of fluorescence and A at low temperature, were also supported by measurements of the action spectrum for 02 evolution at room temperature (29) and by measurements of the rates of photooxidation of P700 in blue and green light at low temperature (28) .
The results described above were obtained with cultures of P. cruentum which had been grown in low intensities of white light and the question was raised whether cells grown under other conditions of illumination would show changes in the organization of their photochemical apparatus. There are numerous reports that the total irradiance and spectral quality of the light in which P. cruentum or other red or blue-green algae are grown influence the pigment content of the cells (1-5, 20, 22-24, 32, 35, 39, 40, 43) . Many species of blue-green algae are able to regulate differentially the synthesis of phycoerythrin and phycocyanin in response to the spectral quality of their environment (1, 39) . These algae exhibit complementary chromatic adaptation by selectively increasing the intracellular content of the biliprotein which most effectively absorbs the incident light. Other algae which are not capable of such complementary regulation may adapt to changes of light quality by increasing the relative amounts of those photosynthetic pigments which absorb less than normal amounts of light. Examples of such countercomplementary chromatic adaptation have been reported for both red (notably P. cruentum) and blue-green algae (3, 20, 24, 32, 40, 43) . The purpose of the work presented here was to determine how chromatic adaptation or intensity adaptation might be reflected in changes in the photochemical apparatus of P. cruentum.
In the model presented by Butler and Kitajima (11) a simplifying assumption was made that the accessory pigment system, i.e. the Chl a/b complex in the case of green plants or the phycobilisomes in red and blue-green algae, transferred excitation energy almost exclusively to PSII units so that the tripartite model was reduced to a bipartite formulation in which the accessory pigment system was considered to be a part of the antenna pigment of PSII. Later, equations were developed by Butler and Strasser (13, 14) for a truly tripartite model which included parameters for the cross-section of the accessory pigment system and for the yields of energy exchange between the accessory pigment system and the rest of the photochemical apparatus (see ref. 7 for a review of these photochemical models). This more rigorous formulation is valid for the photochemical apparatus of red and blue-green algae as well as that of green plants (Ley and Butler, unpublished) . It has been shown mathematically (8) that the more complex equations of the tripartite model collapse into the much simpler equations of the bipartite formulation if the yield of energy transfer from the accessory pigment system to PSII approaches unity. It was apparent in our previous work (29) and it is confirmed in the present work that the yield of energy transfer from the phycobilisomes to PSII is close to unity, so that the bipartite formulation can be considered a valid approximation for the photochemical apparatus of P. cruentum. The model allows us to calculate the distribution of excitation energy between PSI and PSII from the values of a and 9pT(II I) determined from measurements made at low temperature. If chromatic adaptation results in changes in energy distribution (see below) we should be able to predict how those changes will be reflected in the action spectrum of 02 evolution measured at room temperature. These predictions, which represent a considerable extrapolation of the tripartite model, will serve as the basis for an additional test of the model.
MATERIALS AND METHODS
Unialgal cultures of P. cruentum were grown in an artificial sea water medium (34) at 19 C in 250 ml flasks (100 ml media per flask). The culture flasks were masked by aluminum foil on all but the lower surfaces and the cells were grown on a shaker table with a transparent Plexiglas shelf. The growing cultures were continuously illuminated from below by a bank of eight 100-w cool-white fluorescence lamps (General Electric F48P617-CW power groove). Different irradiance fields were provided by placing sets of filters between the lamps and the culture flasks. For high white irradiance no filters were used. Low white irradiance was obtained by attenuation of the light from the lamps through several layers of paper. Red, green, and blue light fields were obtained from the combinations of Kliegl cinemoid filters (Kliegl Bros., Inc., Hollywood) shown in Table I . Radiant flux was measured within the culture flasks by means of a quantum irradiance meter employing a spherical collector (Biospherical Instruments, San Diego). These irradiance levels, which did not change during the course of the experiments, are presented in Table I and are similar to those reported previously to influence the pigment composition of red and blue-green algae (2-5, 23, 24 Figure 1 as incident quantum flux per unit bandwidth.
All measurements of fluorescence and A were carried out on 0.5-ml suspensions of algae frozen to -196 C with liquid N2 in 10 and L has been multiplied by 5. our vertical cuvette and Dewar system (6) . The algae used in all experiments were from 7-to 10-day old cultures.
Fluorescence emission spectra were obtained from the front surface of frozen dilute suspensions of algae using a dual arm, fiber optics light pipe (37) . Excitation at 550 and 435 nm was obtained using a monochromator with a 10 nm passband. Emission spectra were measured with a Bausch & Lomb high intensity monochromator with a 5 nm passband and a GaAs phototube (Hamamatsu R-666S). Fluorescence excitation spectra were measured with a computer-linked, single beam spectrophotometer as described previously (25, 28) . Weak exciting light from the scanning monochromator was incident on the top surface of the frozen sample, and the fluorescence was measured from the bottom of the sample using the appropriate filter combinations. Spectra were measured on-line with a small computer so that fourth derivative and difference spectra could be computed and plotted. All of the spectra presented except for Figure 1 were plotted directly from the computer.
RESULTS
Low Temperature Absorption Spectra. The irradiance conditions under which P. cruentum cells are grown have marked effects on the pigment content of the cells (Figs. 2 and 3) . The low temperature absorption spectra (Fig. 2 ) represent equal numbers of P. cruentum cells grown in the various light fields described in Figure 1 . (Cells grown in high intensity white light will be called H cells and those grown in low intensity white, green, red, or blue light will be referred to as L, G, R, and B cells, respectively.) The total pigment content of the cells is inversely related to the total growth irradiance levels. L cells, which received the least total irradiance, had the greatest amount of pigment per cell and showed a 3-to 5-fold greater cellular A in the visible spectrum compared to H cells, which received the greatest total irradiance during growth. G, R, and B cells, which were grown at interme- diate irradiance levels, showed intermediate levels of A. Although changes in the relative abundance of the individual pigments are apparent in the difference spectra shown in Figure  2 , these changes are more clearly demonstrated in Figure 3 . The low temperature absorption and difference spectra (Fig. 3A) Figure 3B (curve R-L in Fig. 3C ) shows the same components, but the bands at 680, 686, 690, and 696 nm appear as minima indicating a decrease of absorption in these bands. Thus, compared with L cells, all of the major long wavelength forms of Chl a which are known to be associated with PSI (15) decreased in the R and B cells relative to A at 676 nm, while the shorter wavelength forms near 670 nm which are associated with PSII increased to some extent (see R-L and B-L difference spectra in Fig. 3B ).
Low Temperature Fluorescence Emission Spectra. Low temperature fluorescence emission spectra excited at 435 and 550 nm are presented in Figure 4 for P. cruentum cells grown in the various light fields. L, H, and G cells show low temperature fluorescence emission characteristics which are similar to one another and to spectra reported previously for P. cruentum (27, 29, 31 Determination of the Yield of Energy Transfer from PSII to PSI. In order to calculate values of qr(n-I) it is necessary to determine how much of the fluorescence in the long wavelength region of the emission spectrum excited by 550 nm light is due to emission from the long wavelength tail of PSII. In the previous work (27) a curve-fitting procedure was used to estimate that 25% of the fluorescence at 722 mu which was excited at 545 nm was due to emission from PSII. In the present study we adapted procedures introduced by Strasser and Butler (38) to deconvolute the fluorescence emission spectrum into its PSI and PSII component parts. In these procedures we recognize explicitly that fluorescence in the long wavelength region near the maximum of the PSI emission, e.g. at 716 nm, will have contributions from both PSI and PSII, FI(716), and FnI(716), respectively, and we normalize these against the 693 nm maximum which is a pure PSII emission. A. Figure  5 gives a y axis intercept of 0.136. Thus, in a pure PSII emission spectrum the intensity of fluorescence at 716 nm should be about 14% of that of the 693 nm maximum. The pure PSII emission spectrum for P. cruentum is in good agreement with the previous PSII emission spectrum obtained from bean leaves in which the ratio F730/F6m was determined to be 0.12 (38) . Given where the factor K is chosen so that the ratio F716/F693 in the resulting difference spectrum will be between 0.13 and 0.14. Figure   6A shows Figure 6B ( ). (----) in Figure 6B are computer-calculated integrals of the transmitted PSI and PSII emission bands and the relative amounts of these emissions ire shown by the final levels of the integral curves. These measurements and calculations allow us to determine the fraction of the fluorescence excited at 550 nm and measured at 723 nm which is due to emission from PSI.
To determine the yield of energy transfer from PSII to PSI, we will compare the relative yields of the PSI fluorescence at 723 nm which is excited primarily by energy where a at any given wavelength of excitation is the fraction of the light absorbed by PSI and , is the remaining fraction absorbed by PSII and the phycobilisomes. Measurements were made of the relative yields of the total fluorescence at 723 nm, 9F723, as a function of the wavelength of excitation (as described previously [27] from excitation spectra of fluorescence at 723 nm and absorption spectra at -196 C) for the various samples and the ratios of these yields excited at 550 and 690 nm are given in the first column of Figure 6 and these data (second column in Table II Given the values of q(II .I(M for the various samples, the wavelength distribution of a was calculated and plotted by the computer (Fig. 7 ) from equations presented previously4 (29) Figure 4 show appreciable fluorescence from PSII. We conclude from these studies of the wavelength distribution of a that chromatic adaptation causes the R and B cells to put a larger fraction of their Chl into PSII units. This conclusion is also consistent with the difference spectra in Figure   4 In the previous section it was assumed that a at 690 nm was close to unity in the calculations of r(II.I). The spectral plots of a in Figure 7 were not extended beyond 680 The R and B cells also show appreciably greater amounts of the phycobilin pigments relative to ChM (Fig. 3) (33, 36) . We conclude that the yield of energy transfer from the phycobilisomes to PSII is high (approaching values of unity) in all of the cell types so that we feel confident in using the bipartite approximation of the tripartite model in our studies of P. cruentum.
DISCUSSION
The light fields used in this study (Fig. 1) (Fig. 1) where cellular absorption is dominated by the phycobilin pigments. In terms of the cellular absorption properties, the high and low white light fields resembled the green more closely than the red or blue light fields.
Two aspects of the growth irradiance influence the photosynthetic pigment content of P. cruentum cells. The total cellular content of photosynthetic pigments appears to be regulated to a large extent by the total growth irradiance. However, the relative abundance of the various pigments is adjusted in response to the spectral quality of the light. The H, L, and G cells were grown in light fields of similar spectral character, but which spanned about two orders of magnitude in total quantum flux. Although the total pigment content of the cells differed markedly, the relative proportions of the Chl and phycobilin pigments in these cells were nearly the same. On the other hand, there were striking differences in the relative proportions of these pigments in the R and B cells compared to the L and G cells even though all four types of cells were grown at roughly the same levels of total irradiance. These changes in the gross pigment content of the cells are similar in extent and direction to those first described by Brody and Emerson (3, 4) for P. cruentum cells grown under similar light conditions. In addition, similar effects of environmental irradiance conditions on pigment content have been reported from in situ experiments using benthic red algae (35) .
The abundance of carotenoids relative to Chl appears to be more strongly influenced by the total growth irradiance than by spectral quality. The H cells showed a higher ratio of carotenoid to Chl than any of the other four types of cells (Fig. 3) . Since carotenoids act as photoprotective agents (17, 18) , it is not unreasonable that the relative abundance of these pigments should be controlled by total irradiance.
The different pigment ratios found for cells grown In contrast, cells growing in light absorbed primarily by Chl would distribute a large excess of energy to PSI if the same relative cross-sections prevailed. However, these cells package a much larger fraction (approximately 40%o) of their Chl into PSII and they make more of the phycobilin pigments, thereby increasing the cross section of PSII. In addition, the probability for energy transfer from, PSII to PSI is decreased which also helps to keep excitation energy in PSII.
These differences in the photochemical apparatus which we infer from our calculations of a, fi, and gT(vr-.I) are also apparent qualitatively in the fluorescence emission spectra (Fig. 4 ) and the absorption difference spectra (Fig. 3) Table III where the values of a were taken from Figure 7 and those of pr(u--I) (o) were obtained from Table II It is also instructive to consider how the action spectrum for 02 evolution changes during the course of adaptation from L to R cells. Initially the action spectrum for the L cells shows a strong maximum in the green with very little activity in the red or blue. With adaptation toward the R cells, the activity in the blue and the red increases markedly and the activity in the green decreases so that the action spectrum of the R cells encompasses much more of the visible spectrum. Our rough calculation in Table III in R cells indicates 0.31 qpni at 435 nm and 0.27 pI at 550 nm. These calculations are in reasonably good agreement with the measurements of Brody and Brody (2) on the effects of chromatic adaptation on action spectra of 02 evolution in P. cruentum.
We would not expect to find a close quantitative agreement between our predicted changes of 02 evolution associated with chromatic adaptation and the earlier experimental results. Our predictions were based on measurements made on cells frozen to -196 C in the dark-adapted state (i.e. state I) and the photochemical parameters which characterize that state remained fixed in the frozen condition. Most action spectra for 02 evolution have been determined under conditions where the measuring light would cause transitions between state I and state II during the measurement and we have found that these transitions in P. cruentum are accompanied by changes in the rate constant for spillover kT (n I) [kT(nI..I) and therefore ipr(nbI) is greater in state II (Ley and Butler, unpublished)]. Despite those changes and possibly other changes which may occur under physiological conditions, we can use our model and our calculations of energy distribution based on measurements made at -196 C to predict the consequences of chromatic adaptation on photosynthesis at room temperature.
Wang and Myers (41, 42) showed that the maximum yield of 02 evolution from the linear electron transport system should occur when the distribution of excitation energy results in equal photochemical activities in PSI and PSII. If we assume that the primary yields qPI and pPni are equal, our calculation of the 60:40 distribution of energy between PSI and PSII in L cells indicates that the yield of 02 evolution is only 80%o of the maximum. It is possible that pPI is less than qpni in which case the efficiency of photosynthesis is greater and Wang and Myers (42) have suggested from their work on energy distribution in Chlorella that ppI is less than ppn. If there are any systematic errors in our calculations, they probably result in values of Fpr(ifl ) which are somewhat too high (i.e. we regard the R values as upper limits for 4PT(-_.I) (M)). For instance, if pT(ia_.) (o) of L cells were taken as 0.50 instead of 0.55 we could calculate a 55:45 distribution. However, it is also possible that these cells adapt for optimal rates of growth which require more ATP than that produced by the linear electron transport system and that the extra energy delivered to PSI is used for cyclic photophosphorylation.
As a group, the red algae are very abundant and diverse, totaling more than 4,000 species including a majority ofthe species of seaweeds of the world (16) . Red algae occupy habitats ranging from surface intertidal zones in the tropics to depths in the ocean as great as 200 m (16, 26) and as such are exposed to a wide range of light intensity and spectral quality. The great flexibility of P.
cruentum to adapt and optimize its photosynthetic apparatus to the irradiance conditions of its environment may, in part, account for the great success enjoyed by this group of algae.
